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Abstract 

Vacuum ultraviolet photoionization coupled to secondary neutral mass spectrometry (VUV-SNMS) of 

deposited tryptophan and thymine films are performed at the Chemical Dynamics Beamline.  The 

resulting mass spectra show that while the intensity of the VUV-SNMS signal is lower than the 

corresponding secondary ion mass spectroscopy (SIMS) signal, the mass spectra are significantly 

simplified in VUV-SNMS.  A detailed examination of tryptophan and thymine neutral molecules 

sputtered by 25 keV Bi3
+ indicates that the ion-sputtered parent molecules have ~2.5 eV of internal 

energy.  While this internal energy shifts the appearance energy of the photofragment ions for both 

tryptophan and thymine, it does not change the characteristic photoionizaton efficiency (PIE) curves of 

thymine versus photon energy.  Further analysis of the mass spectral signals indicate that approximately 

80 neutral thymine molecules and 400 tryptophan molecules are sputtered per incident Bi3
+ ion.  The 

simplified mass spectra and significant characteristic ion contributions to the VUV-SNMS spectra 

indicate the potential power of the technique for organic molecule surface analysis. 

 

 

Keyword:  imaging mass spectrometry, vacuum ultraviolet, synchrotron, internal energy, desorption 

 



3 

 

 

Introduction 

 Imaging mass spectrometry, particularly secondary ion mass spectrometry (SIMS), has long been 

successfully utilized in materials science studies.  Recently, however, there has been growing interest in 

applying this tool to problems of biological relevance.1, 2  For example, in 2006 lipid domains within 

prepared lipid membranes were imaged with a spatial resolution of  ∼100 nm using SIMS,3 and in 2007 

the fate of fixed nitrogen in host cells was mapped using multi-isotope imaging mass spectrometry.4  A 

major advantage of imaging mass spectrometry for biological studies is that no sample labeling is 

required since the chemical species are identified by their masses.  Furthermore, in the case of SIMS, the 

spatial resolution is not restricted by the optical diffraction limit since the desorption source is atomic or 

molecular ions, yielding images with resolution on the order of tens of nanometers.  However, there are 

also complications arising from this methodology.  In particular, SIMS is not a quantitative method 

because the formation of secondary ions depends strongly on the local environment, i.e. the matrix 

effect, and the sensitivity for different compounds can vary by orders of magnitude.  These make 

interpreting the resulting images difficult, especially for chemically complex, real-life systems.   

 Secondary neutral mass spectrometry (SNMS) was developed to access the neutral portion of 

the ion-sputtered molecules.  Compared to SIMS, where the desorption and ionization steps are both 

initiated by primary ions, SNMS utilizes electrons or photons to postionize the neutral molecules.  

Because the ionization step is decoupled from the desorption step, SNMS can yield quantitative images.5  

However, due to the high energy needed to ionize most molecules, SNMS experiments typically employ 

table top lasers via a multiphoton ionization scheme to probe both inorganic and organic samples.6-9  

The excess energy deposited into the molecules during such ionization processes often result in 

molecular fragmentation, complicating the mass spectrum and limiting the applicability of this 
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technique.10  This is further compounded by the fact that the neutral molecules already have a certain 

amount of internal energy imparted by the sputtering process.  To address this issue of dissociative 

photoionization, it is valuable to determine the amount of internal energy that is present in the ion-

sputtered molecules prior to photoionization. 

Previous experimental studies have been performed on inorganic surfaces to analyze the 

energetics of the ion-sputtered atoms and molecules.  In particular, in a resonant two-photon ionization 

experiment, it was determined that Ag2 clusters sputtered by 5 keV Ar+ had a vibrational temperature of 

2000-3000 K and a rotational temperature of 5000-8000 K.11  More recently, by comparing 

photoionization efficiency (PIE) curves of Inn clusters sputtered by 15 keV Xe+ with those that are in a 

molecular beam, it was found that the ion-sputtered In2 clusters have an internal temperature of 4000 

K.12  On the other hand, molecular dynamics simulations show that over organic surfaces some 

population of the ion-sputtered molecules may remain intact with relatively low internal energy.13  

Therefore, by establishing the extent of internal excitation within these intact ion-sputtered molecules, 

one can evaluate the applicability of the SNMS technique to various classes of organic compounds. 

Recently, we implemented VUV-SNMS at the Chemical Dynamics Beamline at the Advanced 

Light Source, utilizing tunable vacuum ultraviolet (VUV) radiation from a synchrotron source to perform 

single photon ionization of the ion-sputtered neutral molecules.14  Single photon ionization permits a 

controlled amount of internal energy to be deposited into the molecule,15 and the wide tunability of a 

synchrotron photon source allows measurements of photoionization efficiency versus photon energy, 

which are characteristic of individual chemical species and sensitive to internal energies.  Using this 

technique it is possible to determine the internal energies of the ion-sputtered molecules.16  In this 

paper, we report the application of VUV-SNMS to thymine and tryptophan, a DNA base and an amino 
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acid, respectively, to obtain the typical desorption efficiencies and the observed internal energies of the 

intact parent molecules. 

Experiment 

A modified commercial secondary ion mass spectrometer (TOF.SIMS 5, ION-TOF Inc.), operating 

under ultrahigh vacuum conditions (10-9 mbar, 1 mbar = 0.1 kPa), is coupled to the VUV light source on 

the Chemical Dynamics Beamline at the Advanced Light Source; the setup has been described in detail 

previously.14  Briefly, pulses of Bi3
+ primary ions impact the sample surface at 45°, generating secondary 

ions and neutrals.  The secondary ions and photoionized neutrals are extracted into a reflectron time-of-

flight (TOF) mass spectrometer with a two-meter long path length.  The SIMS data are acquired with TOF 

conditions that are optimized for secondary ion detection, while the VUV-SNMS data are acquired with 

TOF settings optimized for photoion detection.14  The samples of thymine and tryptophan used in this 

experiment are purchased from Sigma Aldrich (both ≥99% purity), deposited by suspending in methanol 

and spin coated onto silicon substrates.  The samples are analyzed without sputter-cleaning to avoid 

unnecessary damage to the organic surfaces.  Each analysis is performed in an area of 150 x 150 m2, 

with a 64 pixel x 64 pixel raster.  The thymine data were acquired with a 260 s cycle time, equivalent to 

a 3.8 kHz repetition rate, and the tryptophan data were acquired with a 280 s cycle time. 

  The undulator-based beamline, described in detail elsewhere,17 generates wavelength-tunable, 

quasi-continuous (500 MHz) VUV light.  The synchrotron was recently upgraded to operate in top-off 

mode,18 increasing the photon flux available to each beamline.  The spectral resolution of the 

synchrotron output used in this work is determined to be 0.2 eV by measuring the full width at half 

maximum (FWHM) of the autoionizing resonance of ion-sputtered silicon atoms at 9.8 eV.  Argon is used 

in the gas filter to remove higher harmonics from the undulator emission.  Also situated in the gas filter 

is a small (100 m) horizontal slit that narrows the vertical height of the VUV beam, delivering ~1015 
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photons/s to the apparatus with a spot size of approximately 200 μm (vertical) x 600 μm (horizontal).  

Photon flux curves as a function of energy are determined using a NIST-calibrated photodiode (SXUV-

100, International Radiation Detectors) attached to the light exit port.   

 Due to the non-conductive nature of the organic surfaces studied here, a new ion extraction 

scheme is utilized to enhance the detection of photoionized secondary neutrals.  Figure S-1 depicts the 

main pulsed extraction schemes that are used.  Typically, in the positive ion mode, a 10 s long -2000 V 

pulse is applied to the extractor with 0 s delay (Figure S-1a).  In this case, the extractor is at -2000 V 

when the bismuth ion pulse impacts the surface, resulting in an extraction scheme that is the same as 

DC extraction for the secondary ions and neutrals; the advantage is that the background signal arising 

from the VUV ionization of background gas is significantly reduced since the ions are not being 

continuously extracted into the TOF.   Another possible extraction scheme is to delay the extraction 

pulse with respect to the bismuth pulse such that the extractor sits at ground potential when the 

bismuth ion pulse impacts the surface (Figure S-1b).  This pulsing scheme is advantageous because it 

improves the mass resolution of VUV-SNMS signal, since it allows for the accumulation of photoionized 

molecules in the extraction region before the voltage pulse is applied.  This improved mass resolution, as 

illustrated in Figure S-2, is a necessary feature when analyzing organic samples. The major disadvantage 

of this scheme is that the secondary ions and the photoionized secondary neutrals have very similar 

flight paths through the TOF, making suppression of secondary ions difficult.  Furthermore, the 

electrically insulating organic surface can cause the secondary ion signal to fluctuate from scan to scan, 

which significantly complicates the separation of VUV-SNMS signal from the secondary ion background.  

Therefore, a double extraction pulse scheme (Figure S-1c) is used for the organic samples studied here.  

The first pulse is used to extract the prompt secondary ions; due to the short duration of this pulse, only 

a small mass range of secondary ions can reach the detector, reducing the secondary ion background.  

Because most of the secondary neutrals are not yet photoionized during this first pulse, they are 



7 

 

unaffected in their initial trajectory.  The second pulse acts as the normal delayed extraction pulse for 

the photoionized secondary neutrals.  While some secondary ions still reach the detector with this 

extraction scheme, it is possible to adjust the timing such that the mass range of interest can be 

relatively free of background signal.     

Computational Details 

Geometry optimization and vibrational frequency calculations are carried out for tryptophan, 

thymine and their fragments at the B3LYP level with the 6-311+G(d,p) basis set using the Gaussian 03 

program.19  Relative energies and ionization energies are obtained by subtracting the computed energy 

of the final state from the initial state, including the zero-point energy corrections.  For thymine, the 

Gaussian 03 output files are used in the FCFGAUS program of Ervin et al.20 for the Franck-Condon 

simulation, in which the Duschinsky rotation matrix and the displacement vectors are calculated.  The 

resulting simulated photoelectron spectrum is visualized with the PESCAL21 program. 

For the simulation of PIE curves of the diatomic metal clusters, a Mathcad program is used to 

solve the Schrodinger equation for the vibrational potential using  the 1-dimensional DVR (discreet 

variable representation) method.22  Morse potentials are calculated for the neutral and cation dimers 

using experimental values when available,23, 24 and theoretical values otherwise (Au2 and As2 cations are 

calculated at the CCSD(T) level with cc-pVTZ-pp25 and cc-pVTZ basis sets, respectively, using the Gaussian 

03 program19).  A total of 300 particle-in-a-box basis sets are used for the simulation, and the resulting 

wave functions for the initial state (neutral dimer) and final state (cation dimer) are used to calculate the 

Franck-Condon factors.  The simulated photoelectron spectrum is integrated to give the PIE curve.  The 

results are convoluted with a Gaussian width of 2700 cm-1, corresponding to the resolution of the VUV 

light used for the experimental PIE curves.  The Boltzmann distribution for the vibrational population of 

the initial state is included to simulate the PIE curves for various vibrational temperatures. 
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Results and Discussion 

Mass Spectra of Organic Molecules 

 VUV-SNMS signals are observed in our laboratory recently for numerous organic samples, e.g. 

polycyclic aromatic hydrocarbons (coronene, chrysene, etc.), amino acids (phenylalanine, asparagine, 

etc.), various DNA bases, and other biologically-relevant compounds such as coniferyl alcohol, a 

component of lignin.   However, for the purpose of analyzing internal energies of ion-sputtered 

molecules, only two compounds, tryptophan and thymine, are discussed here.  Shown in Figures 1 and 2 

are the VUV-SNMS mass spectra of thymine and tryptophan acquired at various photon energies ranging 

from 8 eV to 10 eV, as well as the corresponding SIMS mass spectra; the SIMS and VUV-SNMS of each 

sample are acquired over the same area on the sample surface to minimize variations.  The VUV-SNMS 

mass spectra of thymine show a dominant feature at m/z = 126, corresponding to the thymine parent, 

and its photon energy dependence agrees well with the ionization onset of thymine at 8.9 eV.26  An 

additional feature at m/z = 55 is visible at 10 eV and 9.5 eV photon energy (Figures 1a and 1b, 

respectively), which corresponds to the C3H5N
+ fragment of thymine.  The VUV-SNMS mass spectra of 

tryptophan, on the other hand, show only one predominant feature at the fragment mass of m/z = 130 

for all photon energies.  The SIMS mass spectra of thymine and tryptophan are generally more 

complicated, but for both species there is a relatively strong feature at the protonated parent mass.  

Comparing the SIMS data to the VUV-SNMS data, one can see that each technique has an 

advantage over the other.  SIMS shows a higher signal count with fewer bismuth ions used, albeit the 

protonated parent is favored over the parent in SIMS; VUV-SNMS has a simpler mass spectrum, with all 

dominant features easily assignable.  The difference between the signal counts of the two methods is 

related to the difference in the ionization cross sections.  In SIMS, the protonated parent is most likely 

formed through the collision of neutral molecules with cationic species that are generated by the very 
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energetic desorption process.  This “ionization” cross section is poorly quantified, and it can vary 

significantly depending on the local environment of the surface.  On the other hand, in VUV-SNMS the 

photoions, e.g. for thymine, are formed from single photon ionization of the neutral thymine molecules.  

The photoionization cross section and branching fractions are well defined, making the signals depend, 

for the most part, only on the photon flux, the photon energy, and the desorption yield.  Thus the 

comparatively lower signal count rate in VUV-SNMS is due to the cross section and the low peak power 

of the quasi-cw synchrotron source. 

 In terms of the number of spectral features present, a dramatic difference can be seen between 

the VUV-SNMS and SIMS mass spectra of tryptophan.  The SIMS mass spectrum (Figure 2d) exhibits 

many features, with a cluster of intense peaks every ~10 mass units, up to the protonated parent signal.  

The VUV-SNMS mass spectrum of tryptophan, on the other hand, is very simple.  There is one dominant 

peak at m/z = 130, corresponding to the characteristic methylene indole cation fragment produced by 

dissociative photoionization.  The difference in the mass spectra between VUV-SNMS and SIMS is well 

illustrated in this case.  Many of the SIMS mass spectral artifacts, such as disproportionately strong Na+ 

and K+ signals and the ever-present hydrocarbon envelope at low masses, are not present in the VUV-

SNMS mass spectrum.  This improvement over SIMS would be a great advantage when studying complex 

and chemically heterogeneous organic surfaces.    

Desorption Yield  

The neutral desorption yield can be estimated from the observed photoion intensity because 

VUV-SNMS utilizes well-defined ionization processes.  Using the linear approximation of Beer’s law, the 

number of neutral thymine molecules sputtered per second, N, is related to the number of thymine 

photoions observed per second, Z, by:14  



10 

 

 

The factor of 0.08 is the previously determined detection efficiency of the VUV-SNMS instrument 

measured with xenon.14  The photoionization cross section of thymine, , is estimated to be ~20 Mb (1 

Mb = 1 x 10-18 cm2)  at 10 eV photon energy, based on the experimental photoionization cross section of 

aromatic systems.27  The average photon flux in the interaction region, F, is measured to be 1.2 x 1018 

photons/(cm2·s) at 10 eV. The average time that each neutral thymine molecule spends in the VUV 

beam path, , is calculated assuming a typical kinetic energy of 1.5 eV28 for the ion-sputtered thymine 

molecules, which yields a travel time of 0.2 s through the measured 200 m vertical FWHM of the VUV 

beam.  The 10 eV VUV-SNMS mass spectrum shown in Figure 1a is acquired with 50 ns pulses of Bi3
+ for 

27 seconds at a 3.85 kHz repetition rate, resulting in 950 ion counts for thymine. From Equation 1, this 

would yield 9.2 x 107 neutral thymine molecules per second.  The 50 ns pulses of Bi3
+ running at 260 s 

cycle time has a beam current of 0.38 pA, corresponding to 2.4 x 106 Bi3
+ per second.  Together, the 

estimated desorption yield is ~40 thymine molecules per Bi3
+ ion for the dataset presented in Figure 1a.  

The VUV-SNMS image of thymine parent, also shown in Figure 1a, indicates that the organic surface is 

not uniform, despite the attempt to spin coat the sample uniformly; this is largely due to the fact that 

thymine does not dissolve well in methanol.  As the image shows, thymine covers ~50% of the substrate 

surface.  This means that only ~50% of the incident Bi3
+ would result in useful yield.  Taking this into 

account, the corrected estimated desorption yield of thymine is then ~80 neutral thymine molecules per 

incident Bi3
+ ion. 

A similar analysis can be applied to the tryptophan data acquired at 10 eV photon energy, 

shown in Figure 2a, where the m/z = 130 feature is a well-known cation fragment of tryptophan cation.29   

Using an estimated photoionization cross section of 60 Mb at 10 eV photon energy,27 the observed 

12000 counts of the m/z = 130 photoion in 17 seconds (280 s cycle time or 3.57 kHz repetition rate) 
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correspond to 6.1 x 108 tryptophan molecules per second, or ~280 tryptophan molecules sputtered per 

Bi3
+ for the dataset presented in Figure 2a.  The VUV-SNMS image of the m/z = 130 cation, also shown in 

Figure 2a, indicates that tryptophan has better substrate coverage than thymine, although it is still not 

uniform.  Given the ~70% organic presence in the analyzed area, the corrected estimated desorption 

yield of tryptophan is ~400 neutral tryptophan molecules per incident Bi3
+ ion. 

 There are several experimental parameters and associated uncertainties that should be taken 

into account when considering the derived desorption yields.  In particular, there is no experimental 

absolute photoionization cross sections for thymine and tryptophan in the photon energy range studied 

here, hence the estimated values for the ionization cross sections may be inaccurate, although they 

should be correct within an order of magnitude. The substrate coverage variations of the organic 

samples do cause differences in the total signal detected from spot to spot.  When taking this into 

account, the desorption yields from several different spatial areas of analysis present consistent values 

with ± 20% deviations. This fluctuation in signal also includes changes in the Bi3
+ flux and other minor 

differences in the samples such as surface contaminants and thickness. Furthermore, there are also 

systematic errors in the estimated desorption yield.  For instance, because the photoionized molecules 

are delay extracted, some of the ion-sputtered molecules that have higher kinetic energies would leave 

the extraction region before they can be pulsed into the TOF.  This would favor the detection of lower 

kinetic energy molecules and would decrease the signal count.  Also, in the case of thymine, any photo-

induced fragmentation is not accounted for, which would again decrease the estimated desorption 

yield.  This may account for the difference in the calculated desorption yield between thymine and 

tryptophan, as the former is derived from the detected parent signal alone and the latter is derived from 

the dominant photofragment. 
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The neutral desorption yield of thymine can also be compared to the protonated thymine signal 

observed in the SIMS mass spectrum. In Figure 1e, the SIMS spectrum, acquired with 12.5 ns pulses of 

Bi3
+ at a repetition rate of 3.85 kHz in 27 seconds, has 23000 counts of protonated thymine. This is 

equivalent to 1.4 x 10-3 protonated thymine ions per incident Bi3
+ ion.  This value is at least 4 orders of 

magnitude less than the neutral thymine desorption yield calculated from VUV-SNMS over the same 

area, especially considering that the SIMS mass spectrum is acquired with non-delayed extraction and 

most likely has higher detection efficiency.  This difference in yields highlights the advantage of 

accessing the neutral species in the desorption plume. 

Internal Energies 

 Previous experiments14 with VUV-SNMS over metal samples revealed that the PIE curves for 

both Au2 and As2 clusters display lower ionization onsets when compared to reference values.  This shift 

is attributed to vibrational excitation in the neutral clusters imparted by the desorption process.  

Because there is only one vibrational mode in these dimers, a relatively simple simulation, as outlined in 

the computational details section, can be performed to extract the vibrational temperature of the 

neutral clusters.  The simulated PIE curves for Au2 and As2 are compared to VUV-SNMS PIE curves 

previously obtained14 with Bi3
+ primary ions in Figure 3.  The 0-0+ transitions in the simulated PIE curves 

are fixed to experimentally-determined ionization onsets,30, 31 leaving the intensity as the only adjustable 

parameter in the fit between VUV-SNMS PIE curves and simulated PIE curves.  As Figure 3 shows, the 

simulations fit very well with the experimental data for both Au2 and As2 when vibrational temperatures 

of 5000 K and 4000 K, respectively, are used.  Although the uncertainties in these values are high 

because there are only subtle differences in the simulated PIE curves in this temperature range, they 

nonetheless demonstrate the approximate amounts of internal energy imparted to the sputtered 
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neutral metal clusters by the primary ion impact. These vibrational temperatures are also in good 

agreement with previous studies on other metal clusters.11, 12   

There is one major difference between organic molecules and the metal clusters that have been 

studied thus far, namely, the number of internal degrees of freedom available to the system.  Organic 

molecules in the mass range of 100 to 200 daltons can have up to 100 or more vibrational modes, which 

at a temperature of 5000 K would correspond to tens of eV in internal energy.  In comparison, Au2 at the 

same temperature has only 0.4 eV of internal energy.  Therefore, it is not straightforward to draw 

conclusions for organic systems based upon the results of the metal systems.  In order to have a better 

grasp of the internal energy in ion-sputtered organic molecules, we turn to the VUV-SNMS results of 

tryptophan and thymine. 

 Shown in Figure 4 is the VUV-SNMS mass spectrum of tryptophan acquired with 8.25 eV photon 

energy.  The insert gives a closer view of the spectral range around the parent mass at m/z = 204.  The 

signal intensity for the parent mass is obviously much weaker than the intensity of the dominant 

fragment at m/z = 130.  Nevertheless, the ratio between the two can be used to estimate the internal 

temperature of the ion-sputtered tryptophan.  Wilson et al.32 carried out an experiment at the Chemical 

Dynamics Beamline wherein they measured the temperature dependence of the parent-to-fragment 

ratio of tryptophan at 8.25 eV photon energy by desorbing the molecules from an aerosol particle by 

collisions with a heated target.  Their results show that in the temperature range from 373 K to 573 K, 

the parent-to-fragment ratio of tryptophan has an exponential dependence on temperature.  This well-

defined dependence allows us to extrapolate the Wilson et al.32 data to the ratio of 0.008 observed in 

the present VUV-SNMS mass spectrum.  Shown in Figure S-3 is the extrapolation plot, and from this we 

estimate the internal temperature of ion-sputtered tryptophan to be 850 K.   
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 To better understand the implications of this internal temperature, theoretical calculations as 

outlined in the computational details section are carried out for tryptophan and its fragments.  Figure 5 

illustrates the structures and relative energies of the tryptophan cation (m/z = 204) and the dominant 

fragments (m/z = 130 and m/z = 74).  The fragmentation pathway that results in the formation of the 

m/z = 130 cation involves the cleavage of a C-C bond, indicated by the arrow in Figure 5, that connects 

the amino acid moiety to the indole rings.29  Upon fragmentation, the charge remains on the methylene 

indole fragment, producing the observed m/z = 130 feature, while the neutral fragment, the 

deprotonated glycine with a mass of 74, is not detected.  The calculated energy of the fragments is 1.15 

eV higher than the calculated energy of the radical tryptophan cation, suggesting that at least 1.15 eV is 

needed to break the indicated bond when the tryptophan cation is in the ground state.  Previous 

experiments by Wilson et al.32 showed that the methylene indole fragment has an appearance energy of 

8 eV at 373 K.  The average vibrational energy of tryptophan at 373 K can be approximated by treating 

its vibrations as a collection of harmonic oscillators,32 giving 

 

Thus, the vibrational energy of tryptophan at 373 K is calculated to be 0.44 eV.  Together with the 7.2 eV 

ionization energy of tryptophan,33 the 8 eV appearance energy of the methylene indole fragment 

indicates that the fragmentation starts at 1.2 eV above the tryptophan cation ground state.  This is in 

good agreement with the calculated 1.15 eV minimum energy needed for fragmentation.   

 As discussed above, the parent-to-fragment ratio of the VUV-SNMS data indicates that the ion-

sputtered tryptophan molecules have a much higher average temperature of 850 K.  From Eq. 2, this 

temperature corresponds to 2.2 eV of internal vibrational energy.  The 8.25 eV ionizing photon already 

puts the tryptophan cation 1 eV above its ground state; together with this 2.2 eV internal vibrational 
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energy, the tryptophan cation has an excess of 3 eV in internal energy.  Given that the dissociation limit 

is only 1.15 eV above the ground state, it is not surprising then that the VUV-SNMS mass spectrum of 

tryptophan is dominated by the methylene indole cation fragment.   

In order for the preceding discussion on the tryptophan energetics to be valid, we must validate 

the assumption that the m/z = 130 feature observed in the VUV-SNMS spectrum is the result of 

dissociative photoionization and not due to the photoionized neutral fragment.  There are two major 

channels of formation for the neutral methylene indole radical—directly from the surface via the ion-

sputtering process and fragmentation of metastable tryptophan molecules above the surface. In the first 

case, collisions involving the open-shell reactive methylene indole radicals near the surface should also 

lead to the formation of neutral methyl indole (m/z = 131).  However, a comparison with the expected 

isotopic distribution of methylene indole, shown in Figure 6, indicates that the m/z = 131 feature is due 

to the heavier isotopes of C9H8N and not from methyl indole (methyl indole has an ionization energy of 

7.5 eV34 and methylene indole has a calculated ionization energy of 6.2 eV).  If the methylene indole 

radicals instead originate from fragmentation of metastable ion-sputtered tryptophan molecules, a mass 

spectral feature at m/z =74 should be observed as well, corresponding to the photoionized 

deprotonated glycine, for which the calculated ionization energy is 7.4 eV.  Figures 6a and 6b show that, 

at both 10 eV and 8 eV photon energies, there is no major feature at m/z = 74 in the mass spectra.  

Therefore, the lack of any significant m/z = 74 and 131 features support the assumption that the m/z = 

130 feature in the VUV-SNMS mass spectra is predominantly due to dissociative photoionization of 

intact neutral tryptophan molecule.   

The VUV-SNMS results indicate that the intact neutral tryptophan molecules, sputtered by 25 

keV Bi3
+ primary ions, possess an internal temperature of ~850 K, which is equivalent to a vibrational 

energy of ~2.2 eV. Unfortunately, because the methylene indole fragment and the parent tryptophan 
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signals differ in intensities by two orders of magnitude, we cannot ascertain the error bars on the 

derived 850 K internal temperature. Particularly, while we can establish the fragmentation pathway that 

yields the methylene indole cation, we cannot be certain that there are no minor fragmentation 

pathways that would reduce the parent signal without affecting the m/z = 130 signal.  Further 

uncertainties also arise from the poor signal-to-noise ratio of the weak tryptophan photoion signal as 

well as the large extrapolation of the Wilson et al.32 data. Therefore, we now turn to the VUV-SNMS data 

on thymine to examine if the ion-sputtered thymine molecules also contain similar internal energies. 

Dissociative photoionization of gas phase thymine has been previously studied using VUV 

photons.35  It has been found that the dominant cation fragment at m/z = 55 is formed via a multi-step 

fragmentation pathway:36 

 

Such a complex reaction pathway cannot be simply explained by comparing the energetics at the 

dissociation limit.  Fortunately, there are experimental values to draw upon.  Jochims et al.35 found that 

the C4H5NO+ cation at m/z = 83, although very weak, does have an appearance energy of 10.7 eV, which 

is 1.9 eV above their experimentally observed ionization onset of thymine at 8.8 eV.  The dominant 

cation fragment, C3H5N
+ at m/z = 55, has an appearance energy of 11.7 eV, 2.9 eV above the thymine 

ionization energy.  In Figure 1b, a peak can be seen emerging at m/z = 55 in the VUV-SNMS mass 

spectrum acquired with 9.5 eV photon energy.  Given the ionization energy of thymine, this result would 

imply that the 25 keV Bi3
+ ion-sputtered thymine has an internal energy of 2.4 ± 0.3 eV; the large error 

bar is because of the uncertainty in the onset of the fragment feature due to SIMS background in that 

spectral region.  For thymine, this internal energy corresponds to a vibrational temperature of ~1300 K, 

derived using Eq. 2, which is significantly higher than the tryptophan vibrational temperature. This 

indicates that the ion-sputtered tryptophan and thymine share a similar internal energy of ~2.5 eV, 
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rather than a similar internal temperature.  These values are quite different than the internal energies 

and temperatures that have been obtained for the metals systems as discussed earlier, and given that 

thymine and tryptophan have different functional groups, number of atoms and number of vibrations, 

the fact that these two molecules share a similar internal energy may be a reflection on the nature of 

the ion-sputtering process on organic surfaces.      

 Figure 1 shows that the dominant feature in the VUV-SNMS of thymine is the parent signal, from 

which, PIE curves for the ion-sputtered thymine molecules can be obtained.  The average of four VUV-

SNMS PIE curves of thymine, normalized to each other at 9.2 eV, is shown in Figure 7a, where the grey 

shading indicates fluctuations in the four individual scans.  For comparison purposes, shown in Figure 7b 

is the average of two PIE curves also acquired with the TOF.SIMS 5 instrument, utilizing the 

heating/cooling stage to thermally vaporize thymine samples for VUV photoionization.  The difference 

between Figures 7a and 7b lies only in the method of desorption, 25 keV Bi3
+ ions vs. 40 °C thermal 

desorption.  While the VUV-SNMS PIE curves are noisier than the thermal desorption PIE curves, it is 

nonetheless evident that there is no significant shift in the ionization onset between Figures 7a and 7b.  

The ion-sputtered thymine molecules have an internal energy of ~2.5 eV, corresponding to ~1300 K in 

vibrational temperature, while the thermal desorption is performed at 40 °C.  The difference in the 

ionization onset between the two averaged PIE curves is only 0.1 eV, which is within the energy 

resolution of the VUV light.  This similarity can be understood from the computed photoelectron 

spectrum of thymine at 0 K, shown in Figure 8.  The Franck-Condon simulation indicates that neutral 

thymine does not have a large geometry change upon ionization, resulting in the 0-0+ origin transition 

being the dominant feature in the simulated photoelectron spectrum.  Therefore, even if there is 

extensive vibrational excitation, the dominant transitions upon ionization would be the sequence bands.  

Any changes in the ionization onset would mostly be due to differences in the vibrational frequencies 

and anharmonicity effects, which would not result in drastic shifts in the onset.  Although it would be 
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possible to carry out a simulation of the experimental PIE curves of thymine, the numerous vibrational 

modes present make such a simulation beyond the scope of the present study. 

 Recently, Garrison et al.13 performed molecular dynamics simulations of 20 keV C60
+ 

bombardment of an octane surface.  They found that the sputtered molecules vary in internal energy by 

their distance away from the primary ion impact site, and the molecules with higher internal energies 

appear to leave the surface first with higher kinetic energy.  In terms of our experiment, the double 

pulse extraction scheme may cause the results to be biased toward the lower internal energy 

population.  Nonetheless, the results from the current study provide a good guide for future endeavors 

in SNMS studies.  For example, the observed ~2.5 eV internal energy explains why SNMS methods have 

worked well for polyaromatic hydrocarbons where the pi-conjugated bonding system stabilizes the 

molecules from fragmentation.  It also explains why, for molecules whose fragmentation pathways 

involve single bond breakage, which is the case for many amino acids, it is often the characteristic 

fragments that are observed in the resulting mass spectrum.  For the larger long chain hydrocarbons, 

where both SIMS and SNMS experiments have not fared well, this internal energy is something that has 

to be minimized in some way before meaningful results can be obtained.  With this ability to examine 

systematically the internal energy of the ion-sputtered molecules, VUV-SNMS can aid in the further 

refinement of desorption techniques while at the same time provide complementary and quantitative 

information and is a valuable new tool in imaging mass spectrometry. 

Conclusions 

VUV-SNMS studies over organic surfaces have been carried out at the Chemical Dynamics 

Beamline.  The resulting mass spectra show that while the intensity level of the VUV-SNMS signal is 

lower than the corresponding SIMS signal, the mass spectra are significantly simpler.  The relatively low 

VUV-SNMS signal is a direct result of the limited flux of the quasi-cw (500 MHz) synchrotron source, 
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coupled with the fact that majority of the photons are not used as the instrument operates at 1-10 kHz 

repetition rate; this highlights the need for a higher peak power next generation light source.37, 38 

Analysis shows that the organic samples have a neutral desorption yield of ~80 thymine molecules 

sputtered per incident Bi3
+ and ~400 tryptophan molecules sputtered per incident Bi3

+.  A detailed 

examination of the observed energetics of tryptophan and thymine indicates that the ion-sputtered 

neutral molecules have ~2.5 eV internal energy.  While this internal energy can shift the appearance 

energy of the fragments from dissociative photoionization, it may not necessarily change the 

characteristic PIE curves of the molecules, depending on the Franck-Condon window for 

photoionization.  This means that for certain chemical species, excessive internal energy in the neutral 

molecules may result in dissociative photoionization at the minimal photon energy needed for 

ionization.  Nonetheless, by controlling the amount of energy imparted to the ion-sputtered molecules 

in the ionization step, it should be possible to minimize fragmentation even though completely 

elimination of fragmentation may not be possible in certain cases.  This would lead to much simpler 

mass spectra that are easier to assign, which is the first step towards successful wide application of 

imaging mass spectroscopy on heterogeneous organic systems such urban aerosols and lignocellulosic 

systems.  
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Figure Captions: 

Figure 1: VUV-SNMS of thymine (50 ns of Bi3
+, 25 scans) acquired at photon energies of 10 eV (a), 9.5 eV 

(b), 9 eV (c) and 8.2 eV (d).  For comparison, the SIMS spectrum (12.5 ns of Bi3
+, 25 scans) acquired over 

the same area is shown in panel (e).  The VUV-SNMS spectra are acquired with TOF conditions optimized 

for photoion detection; the SIMS spectrum is acquired with TOF conditions optimized for secondary ion 

detection.  In the VUV-SNMS spectra, the m/z = 126 feature corresponds to the thymine parent signal, 

while the m/z = 55 is the dominant cation fragment.  The noise in the spectra around m/z = 50 is due to 

fluctuations in the SIMS background.  In panel (a) also shown is an image of the m/z = 126 feature, 

showing the spatial distribution of thymine (150 x 150 m2, 64 pixel x 64 pixel raster). The SIMS mass 

spectrum shows a strong signal at m/z = 127, corresponding to protonated thymine.   

Figure 2: VUV-SNMS of tryptophan (50 ns of Bi3
+, 15 scans) acquired at photon energies of 10 eV (a), 9 

eV (b) and 8 eV (c). For comparison, the SIMS spectrum (12.5 ns of Bi3
+, 15 scans) acquired over the 

same area is shown in panel (d).  The VUV-SNMS spectra are acquired with TOF conditions optimized for 

photoion detection, while the SIMS spectrum is acquired with TOF conditions optimized for secondary 

ion detection. In the VUV-SNMS spectra, the dominant m/z = 130 feature corresponds to the methylene 

indole cation fragment.  In panel (a) is also an image of the m/z = 130 feature, showing the spatial 

distribution of tryptophan (150 x 150 m2, 64 pixel x 64 pixel raster). 

Figure 3: VUV-SNMS PIE curves of As2 and Au2 acquired with 100 ns of Bi3
+ from ref 14 (•).  The simulated 

PIE curves (for Au2 T = 10 K (---) and T = 5000 K (—); for As2 T = 10 K (---) and T = 4000 K (—)) are 

superimposed on the experimental curve.  The method of simulation is discussed in the computational 

details section. 

Figure 4: VUV-SNMS mass spectrum of tryptophan (50 ns of Bi3
+, 100 scans) at 8.25 eV photon energy.  

The insert shows a magnified region around the parent mass at m/z = 204.    
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Figure 5: Relative energies, including zero-point energy corrections, of the tryptophan cation and the 

dominant fragments, calculated with B3LYP/6-311+G(d,p).  The C-C bond that breaks upon 

fragmentation is indicated with the arrow. 

Figure 6: VUV-SNMS of tryptophan (50 ns of Bi3
+, 15 scans), in the mass range of m/z = 64-82 and m/z = 

122-138, acquired with photon energies of 10 eV (a) and 8 eV (b).  A stick spectrum illustrating the 

isotopic abundances of the methylene indole and deprotonated glycine radicals are shown in panel (c) 

for comparison. 

Figure 7: Averaged PIE curves of thymine acquired via (a) VUV-SNMS and (b) thermal desorption, a total 

of four scans and two scans are used for the average, respectively.  For each average, the individual PIE 

curves are normalized to each other at 9.2 eV, and total maximum changes between individual scans are 

shown via the grey shading.  The experimental onsets, 8.74 eV for VUV-SNMS and 8.85 eV for thermal 

desorption, are indicated by the arrows.  The same sample is used for both experiments.  

Figure 8: Simulated photoelectron spectrum (see computational details section) of thymine.  The 0-0+ 

transition is set at 0 cm-1, and some major transitions are indicated (the vibrations are numbered in 

accordance to their frequencies in the cation).  The calculated Franck-Condon overlap shows that the 

origin is the dominant transition in the photoionization of thymine between the two ground electronic 

states.  
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